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ABSTRACT Tick-borne encephalitis virus (TBEV), of the genus Flavivirus, is a causative
agent of severe encephalitis in regions of endemicity of northern Asia and central and
northern Europe. Interferon-induced transmembrane proteins (IFITMs) are restriction factors
that inhibit the replication cycles of numerous viruses, including flaviviruses such as West
Nile virus, dengue virus, and Zika virus. Here, we demonstrate the role of IFITM1, IFITM2,
and IFITM3 in the inhibition of TBEV infection and in protection against virus-induced cell
death. We show that the most significant role is that of IFITM3, including the dissection of
its functional motifs by mutagenesis. Furthermore, through the use of CRISPR-Cas9-gener-
ated IFITM1/3-knockout monoclonal cell lines, we confirm the role and additive action of en-
dogenous IFITMs in TBEV suppression. However, the results of coculture assays suggest that
TBEV might partially escape interferon- and IFITM-mediated suppression during high-density
coculture infection when the virus enters naive cells directly from infected donor cells. Thus,
cell-to-cell spread may constitute a strategy for virus escape from innate host defenses.

IMPORTANCE TBEV infection may result in encephalitis, chronic illness, or death. TBEV

is endemic in northern Asia and Europe; however, due to climate change, new centers

of endemicity have arisen. Although effective TBEV vaccines have been approved, vacci-

nation coverage is low, and due to the lack of specific therapeutics, infected individuals

depend on their immune responses to control the infection. IFITM proteins are compo-

nents of the innate antiviral defenses that suppress cell entry of many viral pathogens.

However, no studies on the role of IFITM proteins in TBEV infection have been published

thus far. Understanding antiviral innate immune responses is crucial for the future devel-

opment of antiviral strategies. Here, we show the important role of IFITM proteins in the

inhibition of TBEV infection and virus-mediated cell death. However, our data suggest Editor Bryan R. G. Williams, Hudson Institute of
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(1). TBEV is endemic in northern Asia and central and northern Europe; however, as global
climate change influences the distribution of ticks, new centers of endemicity have arisen
(2-4). TBEV infects the central nervous system, with clinical outcomes ranging from mild
meningitis to severe meningoencephalitis and paralysis (5). Depending on the virus subtype,
the mortality rate ranges from 0.5 to 30% (6). Although several effective TBEV vaccines have
been approved, vaccination coverage is low in some countries of endemicity; e.g., vaccina-
tion coverage is <15% in Germany and eastern Europe. Moreover, full protection is not
acquired in some cases (7-9). Due to the lack of therapeutics for tick-borne encephalitis,
treatment is symptomatic, and infected individuals depend on their innate and adaptive
immune responses to fight the infection. Thus, in addition to prevention, an effective treat-
ment is urgently needed (1).

TBEV is a 50-nm, single-positive-stranded RNA virus of the Flaviviridae family. Its 11-kb ge-
nome encodes a single polyprotein that is processed into 11 structural and nonstructural
proteins (10-12). The TBEV nucleocapsid is surrounded by a bilayer envelope formed by
host-originated lipids in which heterodimers made of envelope glycoprotein (E) and mem-
brane protein (M) are embedded (13).

Flaviviruses are known to use a range of cellular attachment factors and receptors
with some degree of overlap between them (14). Most flaviviruses use receptor-mediated
endocytosis to achieve entry into cells, but dengue virus may also be able to use micropino-
cytosis (15). More specifically, TBEV is known to use heparin sulfate as an attachment factor
(16) with laminin-binding protein (LBP) and the aV33 integrin as potential receptors (17).
Alternatively, pH-dependent endosomal entry is another likely route due to the presence of
histidine residues in the E protein of the virus susceptible to protonation which likely drive
the conformational changes needed to achieve virus-cell membrane fusion (12).

The first line of antiviral defense is governed by innate immune responses. After recog-
nition of a virus by pathogen recognition receptors (PRRs), a signaling cascade is triggered,
resulting in the expression of inflammatory cytokines, such as type | interferon (IFN). IFN
induces the expression of hundreds of IFN-stimulated genes (ISGs) that execute direct anti-
viral actions. IFN-induced transmembrane proteins (IFITMs) are important antiviral factors
induced by IFN signaling (18, 19). The immune-related IFITM1, IFITM2, and IFITM3 are capable
of attenuating the entry of a wide range of viruses, e.g., influenza A virus (IAV), human immu-
nodeficiency virus type 1 (HIV-1), flaviviruses, filoviruses, and alphaviruses, and they modulate
the entry of some coronaviruses, including severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), for which opposing activities of IFITMs have been reported (20-26). The scien-
tific consensus is that IFITMs inhibit the cytosolic entry of viruses by preventing fusion of viral
and host membranes, although there are reports describing their role in driving the produc-
tion of virions of reduced infectivity or affecting the translation of viral proteins (27-29).

The IFN response is crucial in the host defense against TBEV. It has been shown that
a local type | IFN response within the central nervous system is critical for the protection of
mice against TBEV and other insect-borne flavivirus infections, including Zika virus (30-32).
In addition, it has been shown that tick-borne flaviviruses are able to antagonize IFN signal-
ing, resulting in their evasion from the host’s innate immune system (33). Specifically, TBEV
suppresses the Janus Kinase/Signal Transducer and Activator of Transcription (JAK/STAT) sig-
naling cascade via NS5-mediated inhibition of STAT-1 phosphorylation (34). However, the
effects of IFITM proteins on TBEV have not been investigated so far. Since IFITM2/3 are found
and act predominantly in endosomes, restriction of TBEV by them in this location is entirely
possible but remains unconfirmed (35). Notably, there are also variable reports regarding
hepatitis C virus (HCV) susceptibility to IFITM proteins. IFITM1/2/3 were described to limit
HCV entry in some studies (21, 36), while others noted that IFITM1 could not restrict entry
into Huh7 cells but did restrict viral replication steps downstream of virus entry (37).

Here, we show that the IFITM1/2/3 proteins have the ability to suppress TBEV infection and
protect cells against TBEV-induced death. We developed CRISPR-Cas9-generated IFITM1/3-
knockout monoclonal cell lines, which allowed us to confirm the role of endogenous IFITMs in
the inhibition of TBEV infection. Furthermore, we identified IFITM3 motifs that are crucial for
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FIG 1 Establishment of stable IFITM1/2/3-A549 cell lines to study their role in the restriction of TBEV infection.
(A) A549 cells were infected for 24 h with TBEV at an MOI of 1. The virus titer decreased by >2-log fold with
100 ng/ml IFN-y stimulation for 24 h. Values indicate the means of n = 3 independent experiments = the
standard deviations (SD). *, P = 0.01 to 0.05 (Student t test). (B) Schematic of the constructs used to create
stable IFITM-A549 cell lines expressing FLAG-tagged IFITM (IFITM1, IFITM2, or IFITM3) and then GFP. The control
expressed only GFP. (C) The IFN-y-stimulated A549 cells and A549 cells stably expressing IFITM1/2/3 or empty
cassettes were lysed, separated using SDS-PAGE, blotted, and stained with specific anti-IFITM antibodies or
mouse monoclonal anti-FLAG antibodies. B-Actin was used as a protein loading control. (D) The expression of
IFITM proteins in stably transduced A549 cells from panel C was analyzed by immunofluorescence using mouse
monoclonal anti-FLAG antibody, followed by Alexa 546-conjugated anti-mouse IgG.

its anti-TBEV functions. Our results also show that cell-to-cell TBEV transmission is less sensitive
to IFITM-mediated inhibition and IFN suppression than cell-free infection.

RESULTS

Evaluation of IFITM expression in wild-type and stably transduced A549 cell
lines. The goal of our study was to investigate and characterize the role of IFITM pro-
teins in TBEV infection. Initially, we tested whether IFN-yinhibits TBEV infection in A549
lung epithelial cells. We found that A549 stimulation with IFN-y potently inhibited the
TBEV infection cycle and led to a reduction in the progeny virus titer by more than 2-
log fold (Fig. 1A). To determine the role of each of IFITM protein in TBEV infection, we
generated stable polyclonal A549 cell lines that expressed N-terminally FLAG-tagged
IFITM1, IFITM2, or IFITM3, followed by a green fluorescent protein (GFP) sequence
downstream from the internal ribosomal entry site (IRES), as well as a control cell line
that expressed only GFP (Fig. 1B). We detected single bands and similar expression in
all tagged IFITM proteins by Western blotting with an anti-FLAG antibody. However,
we obtained double bands for all IFITM proteins with specific anti-IFITM1/2/3 antibod-
ies, suggesting the presence of truncated IFITM species possibly lacking some N-termi-
nal residues due to proteolysis or alternative translation start sites (Fig. 1C). The level of
overexpressed IFITM proteins in the transduced cell lines was substantially higher than
in the IFN-ystimulated wild-type A549 cells, where we only detected signals for the
IFITM1 and IFITM3 proteins (Fig. 1C). Nonstimulated A549 cells did not express detecta-
ble levels of endogenous IFITM proteins in the Western blot assay (Fig. 1C). Moreover,
through immunofluorescence with an anti-FLAG antibody, we confirmed that the vast
majority of the generated cells overexpressed IFITM proteins (Fig. 1D).

IFITM1, IFITM2, and IFITM3 restrict TBEV infection. To characterize the relative impacts
of IFITM1, IFITM2, and IFITM3 on TBEV infection, we performed a TBEV infection assay at a
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FIG 2 IFITM1/2/3 proteins inhibit TBEV infection. A549 cells stably expressing IFITM1/2/3 or only GFP were
plated in equal quantities and infected with TBEV virus of the Neudorf strain after 24 h at an MOI of 1 for 24 h.
(A) Titers for media collected from cells and freeze-thawed cell lysates were determined using a plaque assay
on wild-type A549 cells. Values indicate the means of n = 3 independent experiments *+ the SD. ***, P < 0.001
(Student t test). (B) Cell lysates and proteins precipitated from the medium of cells were separated using SDS-
PAGE and analyzed by Western blotting with TBEV E antibody. B-Actin was used as a protein loading control.
(C) The cells were fixed, stained with TBEV E antibody and DAPI, and analyzed using a Leica SP8X confocal
laser scanning microscope.

multiplicity of infection (MOI) of 1. After 24 h, the media from the infected stable A549-
IFITM1/2/3 cell lines and the A549-GFP control cells were collected and centrifuged. The cells
were washed, covered with fresh medium, and lysed by freeze-thawing to liberate the intra-
cellular viral particles. We analyzed the virus titer in the collected medium and cell lysates
using a standard plaque assay. We demonstrated that, compared to A549-GFP cells, overex-
pression of IFITM1, IFITM2, and IFITM3 in A549 cells resulted in significant decreases in the
TBEV titer by 92, 68, and 97%, respectively, for the intracellular virus and by 64, 68, and 88%
for the medium-secreted virus (Fig. 2A). In addition, we detected substantially reduced levels
of TBEV protein E in the cell lysates and proteins precipitated from the medium from A549
IFITM cells, with A549 IFITM3 showing the strongest reduction (Fig. 2B). This observation
was further confirmed by immunofluorescence analysis of fixed and permeabilized cells that
were stained with anti-E antibody. The percentage of E-protein-stained cells was substan-
tially lower for all IFITM-overexpressing lines, and the fewest positive cells were found for
the overexpression of IFITM3 (Fig. 2C).

IFITM expression and TBEV restriction in A549-IFITM1/3-KO cells. In order to
investigate the antiviral activity of the IFITM proteins that were endogenously
expressed in the A549 cells, we employed the CRISPR-Cas9 gene-editing methodology
to generate A549 IFITM knockout cell lines. Based on the fact that for IFN-y-stimulated
A549 cells, we were able to detect IFITM1 and IFITM3, but not IFITM2 (Fig. 1C), we
developed a panel of monoclonal A549 cell lines with single knockouts (A549-IFITM1-
KO and A549-IFITM3-KO) and with a double knockout (A549-IFITM1/IFITM3-KO). Single-
guide RNAs (sgRNAs) were designed to target the N termini of IFITM1 and IFITM3. We
then used a lentivirus transduction system to deliver distinct sgRNAs to wild-type A549
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cells and applied selection pressure with puromycin. Individual cells were propagated,
and cell clones were screened by Western blotting to identify clones with reduced or
nondetectable IFITM1 and/or IFITM3 protein expression. Since we did not have an anti-
IFITM1 antibody compatible with Western blotting at the time of the study, we immu-
noprecipitated IFITM1 using rabbit anti-IFITM1 serum (CVY) to screen A549-IFITM1-KO
clones and then detected the precipitated IFITM1 using MHK2.1 antibody recognizing
both IFITM1 and IFITM3 proteins. MHK2.1 was also used to screen A549-IFITM1/3-KO
individual clones. To screen A549-IFITM3-KO individual clones, anti-IFITM3 antibody
(Cell Signaling) was used. In Fig. 3A, the clones highlighted in red were used to study
TBEV infection: A549-IFITM1-KO (clones 22 and 34), A549-IFITM3-KO (clones 5, 26, and
34), and A549-IFITM1/3-KO (clone 43).

To evaluate the susceptibility of the knockout cell lines to the virus, we performed a
TBEV infection assay involving 24 h infection at an MOI of 1 and determined the per-
centage of cells that expressed TBEV E using flow cytometry (Fig. 3B). Reduced expres-
sion of IFITM1 or IFITM3 resulted in a significantly increased number of TBEV-positive
cells. Interestingly, we obtained some variability in virus infections in different cell
clones, which could be a result of either the gene-editing efficiency of CRISPR-Cas9 or
other clone-related factors.

The single clone with the double IFITM1/IFITM3 knockout showed the highest (>8-
fold) increase in virus susceptibility compared to the wild-type A549 cells. The cumula-
tive effect of both IFITM1 and IFITM3 knockouts suggests that they restrict TBEV in a
cooperative manner. The fact that nonstimulated IFITM1/3 knockout cell lines were
more susceptible to TBEV infection than wild-type A549 cells coordinates with the ob-
servation that TBEV infection per se stimulated expression of IFITM1 and IFITM3 pro-
teins in wild-type A549 cells (Fig. 3C). In summary, our experiments indicate that
knocking out cellular IFITM1 and/or IFITM3 proteins in A549 facilitates TBEV infection,
whereas ectopically overexpressed IFITM1/2/3 proteins effectively restrict TBEV infec-
tion in vitro.

Important IFITM3 motifs required for the restriction of TBEV infection. Previous
studies focusing on IFITM3 restriction have indicated that IFITMs are heavily regulated
by posttranslational modifications (PTMs), including phosphorylation, palmitoylation,
ubiquitination, and methylation (38). In addition, IFITM3 forms homo- and hetero-
oligomers that have been shown to depend on residues F75 and F78. The F75A/F78A
mutations failed to inhibit IAV infection and showed mixed activity for coronaviruses
(39, 40). In addition, the N-terminal domain of IFITM3 has been determined to be sig-
nificant for antiviral activity against IAV but not against HIV-1 (41), whereas for IFITM2
with an N-terminal 21-amino-acid (aa) deletion, HIV-1 restriction was strain dependent
(42). Moreover, the tyrosine residue Y20, which is a part of the phosphorylation motif
present within the N-terminal domain, has been shown to determine cellular localiza-
tion and antiviral activity against the influenza A and dengue viruses (39, 41).

To identify the determinants of IFITM3 function in TBEV infection, we generated
polyclonal stable A549 cell lines that overexpressed mutated IFITM3 proteins, including
mutations at specific posttranslational modification sites and deletions in the N-termi-
nal region. To investigate the role of phosphorylation of IFITM3 in its antiviral actions
against TBEV, we mutated tyrosine residues at positions 20 and 99 (Y20A and Y99A)
and, for the analysis of palmitoylation, we mutated cysteine residues at positions 71
and 72 (C71A and C72A) of the FLAG-tagged IFITM3 sequence (Fig. 4A). To investigate
the role of the F75 and F78 residues, which were previously determined to be crucial
for IFITM3 oligomerization, we introduced a double phenylalanine-to-alanine mutation
(FF75/78AA) in the FLAG-tagged IFITM3 sequence (Fig. 4A). In addition, we generated
N-terminal IFITM3 mutants with a deletion of the first 21 aa (A21N) and short deletions
in the N-terminal region (APVNSG and ANSGQPP) (Fig. 4A). N-terminal mutants were
generated on the basis of the nontagged IFITM3 sequence, since we anticipated that
an N-terminal tag could interfere with function analysis of the N-terminal region. We
assessed the level of mutated proteins in the cell extracts by Western blotting with an
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FIG 3 Screening of A549-IFITM1-KO, A549-IFITM3-KO, and A549-IFITM1/3-KO cells and their effects on TBEV restriction. (A) Generation of
IFITM knockouts in A549 cells by implementing CRISPR-Cas9 technology. Individual candidate clones were stimulated with 100 ng/ml IFN-y,
screened by Western blotting to identify A549-IFITM1-KO, A549-IFITM3-KO, and A549-IFITM1/3-KO cells. The top panel shows the test of the
loss of IFITM1 expression; IFITM1 was immunoprecipitated using rabbit anti-IFITM1 (CVY) antibody and tested with IFITM1/3 antibody MHK2.1
by Western blotting. B-Actin was used as a protein loading control. The A549-IFITM1-KO clones 22 and 34 were used in TBEV infection assay.
The two panels in the middle demonstrate the loss of IFITM3 expression by Western blotting using IFITM3 antibody (Cell Signaling). PCNA
(proliferating nuclear cell antigen) was used as a protein loading control. The A549-IFITM3-KO clones 5, 26, 34, 46, and 73 were used in TBEV
infection assay. The lower panel shows the test of the loss of IFITM1/3 expression by Western blotting with an IFITM1/3 antibody MHK2.1.
B-Actin was used as a protein loading control. The A549-IFITM1/3-KO clone 43 was used in TBEV infection assay. Molecular weights of IFITM
proteins: IFITM1, 14 kDa; IFITM2 and IFITM3, 15 kDa. (B) The wild-type A549 cells and the different clones (highlighted in red) of IFITM1 and/
or IFITM3 knockout cells were plated in equal quantities and, after 24 h, they were infected with TBEV of the Neudorf strain at an MOI of 0.1.
At 24 hpi, the cells were stained with TBEV E antibody and analyzed by flow cytometry. Values indicate the mean of n = 3 independent
experiments * the SD. *, P = 0.01 to 0.05; **, P < 0.01 (Student t test). (C) A549 cells were stimulated with 100 ng/ml IFN-y for 24 h or
infected with TBEV of the Neudorf strain at an MOI of 0.1, 0.4, or 1. Cells were lysed, separated using SDS-PAGE, blotted, and stained with
specific anti-IFITM1 and anti-IFITM3 antibodies. B-Actin was used as a protein loading control.

IFITM3-specific antibody. We detected bands at the expected molecular weight of
14 kDa for all IFITM3 PTM mutants and N-terminal mutants (Fig. 4B). Again, we
detected additional lower-mass IFITM3 bands, which were most evident for the Y20A
and Y99A mutants, suggesting that these residues might possibly play a role in IFITM3
proteolysis protection or influence the structure of IFITM3 by other means. We could
not use the specific IFITM3 monoclonal antibody (MAb), i.e., D8E8G, to detect A21N

January 2022 Volume 96 Issue 1 e01130-21

Journal of Virology

jviasm.org 6


https://jvi.asm.org

Role of IFITMs in TBEV Infection

A N
A2IN Amphipatic helix

MNHTVQTFFil;m%GQPPNXE%{I;KEEHEVAVLGAPHNPAPPTSTVIHIRSETSVPDHVVWSLFNTLFMN

ANSGQPP

Lumen Transmembrane : Cytoplasm

PCCLGFIAFAYSVKSRDRKMVGDVTGAQAYASTAKCLNEIWALILGILMTILLIVIPVLIFEQAYG
C71A FF75/78AA Y99A H H

C72A C
B A549 IFITM3 A549 TFITM3
Y20 F75A 2 S Q??
Y9ACTIACT2A TSR Wt GFP w A S
42 kDa | . . |cx—[3—ACTIN
: , = 42KDa | - - — o — |oc—[3—ACTIN
M b *ﬂ’ CIFITMS 14 kDa {5 a-IFITMI1/3
C 125 125-
S 1004 < 1004
=2 g 2 g
0 = 754 8 = 759
< 2 BN
25 501 g5 50
& g £ g
= S 25 = 5 25
&% o) p=0.07
0 o = i
3 £ . F F 7 g I O >R
§ P SRSEORNS
$ U8 SE

FIG 4 IFITM3 motifs required for restriction of TBEV infection. (A) Schematic representation of deletions and
point mutations introduced into IFITM3. (B) A549 cells stably expressing mutated IFITM3 or an empty cassette
were lysed, separated with SDS-PAGE, blotted, and stained with a specific anti-IFITM3 antibody. The blot on the
left shows the mutated residues in the FLAG-tagged IFITM3 sequence—Y20, Y299A, C17A, C72A, and F75A/
F78A—compared to wild-type FLAG-tagged IFITM3 and the empty vector expressing GFP. The blot on the right
shows the N-terminal mutants with deletions—A21N, APVNSG, and ANSGQPP—compared to the nontagged
wild-type IFITM3. B-Actin was used as a protein loading control. (C) A549 cells expressing wild-type and
mutated FLAG-tagged IFITM3 were plated in equal quantities and, after 24 h, they were infected with TBEV of
the Neudorf strain at an MOI of 0.2. At 24 hpi, the cells were stained with a TBEV E antibody and analyzed by
flow cytometry. Values indicate the mean of n = 3 independent experiments = the SD. The statistical
significance values (P) for each mutant and wild-type IFITM3 are presented. *, P = 0.01 to 0.05; **, P < 0.01; ***,
P < 0.001; ****, P < 0.0001 (Student t test).

since it recognized an epitope surrounding the V5 residue, which is within the region
deleted in the IFITM3 A21N mutant. Therefore, we used the MHK2.1 antibody, which
recognized an epitope surrounding the EHEV (residues 26 to 29) of both IFITM1 and
IFITM3 (43). Even though MHK cross-reacts with IFITM1, endogenous IFITM1 was not
detected in the control A549 cells that overexpressed only GFP.

Next, each mutated protein was assessed for its effect on TBEV infection (Fig. 4C).
Cells were infected with TBEV at an MOI of 1. At 24 h postinfection (hpi), the cells were
fixed, permeabilized, and stained for protein E, and the percentage of E-expressing cells was
determined using flow cytometry. The results reveal a significant loss of anti-TBEV activity in
cells expressing IFITM3 A21N, IFITM3 ANSGQPP, IFITM3 Y20A, IFITM3 C72A, and IFITM3
F75A/F78A compared to wild-type IFITM3.

Spread and cytopathicity of TBEV in A549 IFITM1/2/3 cells. Next, we sought to
analyze the role of IFITM-mediated inhibition of infection on the protection of cells from the
cytopathic effect caused by the TBEV infectious cycle. We used a low inoculum of the virus
(MOI of 0.01) to infect a high-density cell monolayer for 96 h to gradually observe the cyto-
pathic effect on the cell culture. As shown in Fig. 5A, the expression of IFITM1/2/3 proteins in
cells substantially reduced their susceptibility to viral cytopathicity. However, inhibition of the
cytopathic effect was lower than expected based on the level of IFITM-mediated infection
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FIG 5 Cytopathicity and spread of TBEV in A549 IFITM1/2/3 cells. (A) Cytopathic effects of A549 IFITM1/2/3 and
control GFP cells resulting from 96 h of TBEV infection at an MOI of 0.1. After staining with trypan blue, the
ratio of dead cells to all cells was determined through microscopy. (B) Schematic representation of the
coculture assay with limited cell-free infection. A549 donor cells infected with TBEV (red) were cocultured with
TBEV-GFP™ recipient cells (green), covered with semiliquid 2% methylcellulose medium to limit cell-free
infection, and cultured for 20 h. The ratio of recipient GFP" cells infected by TBEV (stained for TBEV E protein,
green/red) to all recipient cells was then determined through flow cytometry. (C) A549 IFITM1/2/3 cells were
infected with the cell-free virus at an MOI of 1 or cocultured with TBEV-infected donor cells (wild-type A549
cells). At 24 hpi, the cells were trypsinized, stained for TBEV E protein, and analyzed through flow cytometry.
(D) IFN-y-stimulated A549-GFP cells were infected with cell-free virus at an MOI of 1 or cocultured with TBEV-
infected donor cells (wild-type A549 cells). At 24 hpi, the cells were trypsinized, stained for TBEV E protein, and
analyzed by using flow cytometry.

restriction in previous experiments. For instance, for IFTM3-expressing cells, we obtained only
an ~2-fold reduction in the cytopathic effect with respect to the GFP-expressing control line.
This suggests that the effect of IFITM-mediated inhibition observed in in the widely used 24-h
high-MOI assays may not reflect the real protection of cells from TBEV-mediated cell death.

To further characterize the influence of IFITM proteins on the spread of TBEV in the
cell monolayer, we decided to analyze IFITM inhibition in the context of potential cell-to-cell
transmission of virus. Numerous viruses can efficiently spread through direct cell-to-cell trans-
mission. The ability of viruses to spread without the release of viral particles into extracellular
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spaces helps them escape immune responses, especially through avoiding neutralizing anti-
bodies (44). In standard plaque assays performed on high-cell-density monolayers overlaid
with a semisolid medium, TBEV was observed to efficiently spread to adjacent cells, creating
visible foci that could be stained with anti-E antibody (data not shown). This suggests that
TBEV may spread through direct cell-cell contact in monolayers, although it is also possible
that there is a limited rate of the spread of the virus through diffusion.

We analyzed the function of the IFITMs in coculture assays, as schematically depicted in
Fig. 5B. Wild-type TBEV-infected A549 cells acted as virus donor cells, and uninfected A549
IFITM1/2/3 or A549 GFP cells acted as acceptor cells. All acceptor cell lines stably expressed
GFP such that they could be distinguished from wild-type donor cells using flow cytometry.
The wild-type cells were infected with TBEV at an MOI of 2. After 2 h, the cells were washed
with a low-pH buffer to inactivate cell-bound virus particles, trypsinized, and seeded with
acceptor cells at a ratio of 1:4. After 2 h, the attached cells were overlaid with a semiliquid
medium containing methylcellulose to limit the spread of cell-free virions and were incu-
bated for another 20 h to allow for production and spread of the virus to neighboring cells.
To measure the level of TBEV infection of the GFP-expressing acceptor cells, we employed a
gating strategy in which cells that expressed high levels of GFP were analyzed for produc-
tion of the TBEV E antigen. As shown in Fig. 5C, the IFITM proteins efficiently inhibited TBEV
transmission when cell-free infection was allowed. After infection at an MOI of 1 for 24 h,
64% of the A549-GFP control cells were infected compared to 14% of the A549-IFITM1 cells,
17% of the A549-IFITM2 cells, and only 1% of the A549-IFITM3 cells. The level of inhibition of
cell-free infection by IFITM was in accordance with the results obtained through virus titra-
tion (Fig. 2A) and immunofluorescence (Fig. 2C), where dramatic inhibition of TBEV by
IFITM3 was also observed. However, in the methylcellulose-overlay assay, where the infected
donor cells were used as the “inoculum” and viral diffusion was limited, the IFITMs inhibited
infection to a much lower extent (Fig. 5C). The reduced infection rate in cocultures was not
statistically significant for the A549-IFITM1 cells and was only moderately significant for the
A549-IFITM2 and A549-IFITM3 cells. The results show differences in IFITM-dependent TBEV
infection modulation between the two viral entry modes: when free virus particles sus-
pended in a cell medium are delivered as an inoculum and when virus-infected donor cells
serve as the source of infectious viral particles. This suggests that IFITM proteins could inhibit
the entry of the virus less efficiently if the virus enters directly from adjacent cells.

Since IFITM-mediated viral restriction is a part of the IFN-induced antiviral response,
it was interesting to analyze how IFN inhibited viral infection when viral diffusion was
limited. We performed a similar coculture assay with TBEV-infected wild-type donor
A549 cells and acceptor A549-GFP cells stimulated with IFN-yand compared the results
to those of the free-infection assays (Fig. 5D). Again, IFN-y potently inhibited TBEV
infection with the cell-free virus inoculum at all tested concentrations. However, when
the A549-GFP cells were cocultured with infected donor cells and overlaid with methyl-
cellulose, inhibition by IFN-ywas notably less efficient.

These results emphasize the challenge of understanding how viruses actually spread in tis-
sues in living organisms. In fact, in commonly used in vitro assays, a viral inoculum is added to
cells and, after some time, viral infection is detected using different methods. However, our
results suggest that the virus spreads to neighboring cells without entering the extracellular
space and may thus be less prone to IFITM-mediated inhibition.

DISCUSSION

As major effectors of IFN signaling, IFITM proteins have been shown to inhibit the
replication of different flaviviruses, including dengue virus, West Nile virus, and Zika virus (45,
46). However, no studies regarding the role of IFITMs in the infection of TBEV, an important
pathogen of humans, have been published. The type | IFN response was demonstrated to be
critical for the protection of mice against TBEV (31) and other insect-borne flavivirus infections,
including Zika virus (30), and these findings show that tick-borne flaviviruses are able to antag-
onize IFN signaling, resulting in their evasion from host innate immunity (33). Here, we aimed
to analyze the role of IFITM proteins in TBEV infection and in vitro transmission of TBEV.
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First, we tested whether IFN modulates TBEV infection in A549 cells, which are commonly
used for RNA virus infections. We found that stimulation of A549 with IFN-y led to a dramatic
reduction in the TBEV titer, confirming the role of IFN signaling in TBEV infection (Fig. 1A). In
order to investigate the role of the antiviral IFITM1, IFITM2, and IFITM3 proteins in TBEV infec-
tion, we generated polyclonal A549 cell lines that stably expressed N-terminally tagged IFITM
proteins together with GFP protein, which was independently translated due to the insertion
of an IRES sequence (Fig. 1B). We detected similar levels of expression of the IFITM1/2/3 pro-
teins in the generated cell lines (Fig. 1C and D), whereas in wild-type A549 cells stimulated
with IFN-y, we detected only modest expression of IFITM1 and IFITM3. We then analyzed the
influence of the overexpressed IFITM proteins on TBEV infection in vitro. Through several differ-
ent approaches, we demonstrated the effective inhibition of TBEV infection by all IFITM
(IFITM1/2/3) proteins (Fig. 2). The IFITM1 protein is mainly localized at the plasma membrane
and at endosomal membranes, whereas IFITM2 and IFITM3 reside in endosomal and lysoso-
mal membranes (36). Therefore, IFITM1 effectively prevents the fusion of viruses that enter
through plasma membranes and in early endosomes, whereas IFITM2, as well as IFITM3, acts
more strongly against viruses that enter cells through the late endosomal pathway (46). In
keeping with observations for other flaviviruses (45), we showed that TBEV was most potently
restricted by IFITM3, leading to a dramatic decrease in the TBEV protein E level and the titers
of both intracellular and secreted TBEV (Fig. 2A). This is consistent with the fact that flaviviruses
enter the cells through receptor-mediated endocytosis, followed by the acidification-induced
fusion of the viral envelope and endosomal membranes (47).

To analyze the role of endogenous cellular IFITMs, we developed IFITM knockout
cell lines. Several previous reports analyzed viral infection levels in cells with IFITMs
that were downregulated by siRNA. Because siRNA, per se, induces IFN signaling in cells (48),
we decided to implement CRISPR-Cas9 to investigate mutant cell lines in a non-IFN-stimu-
lated context. Since the A549 cells expressed detectable levels of IFITM1 and IFITM3, we gen-
erated single knockouts (IFITM1-KO and IFITM3-KO) and a double knockout (IFITM1/3-KO).
The knockout status of all generated cell lines was validated by Western blotting (Fig. 3A).
CRISPR-Cas9 has previously been implemented to investigate the role of IFITMs in viral
infection (49), but single IFITM1 and IFITM3 knockout mutants, as well as the double IFITM1/
IFITM3 knockout mutants, have not been previously described. As expected, cell clones that
expressed undetectable or very small amounts of IFITM1 or IFITM2 were significantly more
susceptible to viral infection. Moreover, the double IFITM1/3 knockout the conferred highest
susceptibility to infection—a >8-fold increase with respect to wild-type A549 cells—which
confirmed the results of other reports on the additive effects of IFITM proteins in viral infec-
tion (49). Since the cells were not stimulated with IFN before TBEV infection in this assay, the
results of inhibition demonstrate the potency of the IFITMs produced in A549 cells at basal
levels or induced through TBEV sensing soon after infection. Collectively, the results of the
overexpression and knockout experiments demonstrate the major role of IFITM proteins in
suppressing TBEV infection in standard in vitro infection assays, with IFITM3 having the most
potent effect.

Several structural motifs and posttranslational modifications are implicated in IFITM3-medi-
ated antiviral resistance mechanisms (38). To broaden the understanding of IFITM3-mediated
TBEV inhibition, we set out to identify IFITM3 motifs that are important for the modulation of
TBEV infection. We employed a mutagenesis analysis to investigate the roles of palmitoylation,
phosphorylation, and oligomerization motifs, as well as the N-terminal domain of IFITM3 in its
antiviral function against TBEV. We showed that mutation of the S-palmitoylation site at resi-
due C72, those at the oligomerization site at residues F75 and F78, and the deletions in the
271-aa N-terminal domain significantly compromised the antiviral activity of IFITM3 against
TBEV. This is in accordance with earlier data on the roles of these motifs in the entry of IAV
and the dengue virus, both of which enter cells through pH-dependent endocytosis (38, 39,
41, 50). In contrast, deletion of the IFITM3 N-terminal domain did not compromise the sup-
pression of HIV-1, whose entry is pH independent (41), and enhanced the suppression of HCV
(36). We also tested small deletions in the N-terminal domain and found that they either did
not impact the antiviral role of IFITM3 (APVNSG) or did significantly impact it, but to a lesser
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extent (ANSGQPP). In addition, the anti-TBEV activity of IFITM3 was partially suppressed by
mutations in the Y20 N-terminal phosphorylation site, suggesting that different motifs in the
21-aa N-terminal domain may coordinate to confer the anti-TBEV functions of IFITM3. We did
not detect any losses of activity in IFITM3 when mutated at the Y99 phosphorylation site.
Similarly, YO9A mutation did not lead to a loss of protection against the dengue virus, while it
led to a loss of function against 1AV (39) and revealed a mixed phenotype for coronavirus
infection (40).

Having confirmed the role of IFITM proteins in TBEV infection through the quantitative
analysis of infected cells, we aimed to investigate IFITM-mediated protection against TBEV-
induced cell death. We used a low MOI to infect a high-density cell monolayer to gradually
analyze the cytopathic effect in cell cultures. Surprisingly, the protective effect of the IFITM
proteins was weaker than expected (Fig. 5A). For example, even though IFITM3 overexpres-
sion led to an ~10-fold decrease in the number of infected cells in a 24-h infection cycle, it
led only to an ~2-fold decrease in the number of cell deaths over 96 h. We hypothesized
that the direct spread of TBEV between cells in a high-density monolayer could be more re-
sistant to the protective action of IFITM than through cell-free entry. In fact, most studies
reporting the antiviral effects of IFITMs are based on single-round free viral infection experi-
ments on IFITM-overexpressing cells.

Certain viruses are able to infect neighboring cells without leaving the extracellular
space. This enables them to escape neutralizing antibodies and other components of the
host immune responses. Cell-to-cell spread is well described for some viruses, including her-
pesviruses, orthomyxoviruses, poxviruses, and rhabdoviruses. For other viruses, such as HCV
(a virus belonging to the Flaviviridae family), the importance of this phenomenon in viral
pathogenesis is not as well understood (44). In IFITM-expressing hepatic cells, the viral foci
of HCV were smaller, suggesting a possible inhibitory effect of IFITM proteins on this route
of infection; however, no quantitative analyses were performed (21). Little is known about
cell-to-cell transmission of flaviviruses. In a recent study, the neurotropic Japanese encephali-
tis virus was found to be able to spread from human microglia to neighboring cells in a con-
tact-dependent cell-to-cell manner (51). In another report, dengue virus infected neighbor-
ing mosquito cells through direct cell-to-cell transmission, which required tetraspanin C189
(52). To our knowledge, there have been no studies investigating cell-to-cell TBEV transmis-
sion. TBEV formed infection foci in a high-density A549 cell culture when free diffusion was
suppressed in a viscous medium, which is one of the indicators that there is cell-to-cell
spread. In addition, the infection rate in cocultures overlaid with a semiliquid medium was
as high as in nonoverlaid cultures (data not shown). However, more experimental evidence
is needed in order to understand the role of the cell-to-cell spread of TBEV in its pathogene-
sis, preferably evidence from neuronal cells or in vivo. A widely used approach to examining
cell-to-cell spread is the use of neutralizing antibodies that block cell-free viruses. However,
some cell-cell contacts may remain sensitive to antibody-mediated neutralization (53). Cell-
to-cell HCV spread was reported to be limited by an anti-HCV nanobody and sera from vac-
cinated animals (54, 55). Therefore, investigation of cell-to-cell spread is challenging, and it is
necessary to combine different experimental functional and imaging approaches.

Viral transmission across tight cell-cell contacts allows viruses to evade immune
responses. Here, we showed that TBEV transmission in cocultures was less prone to IFITM-
mediated inhibition than infection with a cell-free inoculum. Since IFITMs are effectors of
intrinsic IFN-induced antiviral responses, we next investigated the influence of IFN stimula-
tion on infection, which was carried out with a cell-free virus and infected donor cells. We
showed that IFN-y protected cells to a much lesser extent when the acceptor cells were
incubated with infected donor cells than during cell-free infection. Similar findings were
reported for HIV-1; cell-to-cell transmission allowed the virus to bypass IFITM restriction in
target cells. However, IFITMs limited the spread of HIV-1 from infectious cells by rendering vi-
rions less infectious (27, 29). Thus, our findings are in agreement with those of HIV studies
and suggest that overcoming IFITM restriction through cell-to-cell spread might be a more
universal phenomenon. In addition, cell-to-cell transmission of HIV-1 was less sensitive to
IFN, since higher concentrations of IFN were required to suppress direct cell-to-cell transfer

January 2022 Volume 96 Issue 1 e01130-21

Journal of Virology

jvi.asm.org

1


https://jvi.asm.org

Chmielewska et al.

than for cell-free infection (56). Moreover, the antiviral actions of other IFN-induced proteins—
namely, TRIM5« and tetherin—were less effective against the cell-to-cell spread of retroviruses
through virological synapses than against cell-free infection (57-59). Direct cell transmission
was also able to the lower effectiveness of antiviral strategies against HIV-1 (60), HCV (61), and
influenza (62).

We propose two possible explanations for the suboptimal activity of IFITMs in coculture
assays. First, the mechanism of TBEV entry from adjacent cells may differ from the mecha-
nism of cell-free entry, and it may be less prone to inhibition by IFITM. Second, the direct
cell-to-cell transmission of the virus may involve the retention of the virus at the surface of
producer cells, thus increasing the local density of viral particles. The high local MOls
reached at sites of cell-cell contact may result in more efficient transmission and may over-
come some saturable cellular barriers. More studies are needed—optimally, in vivo—to bet-
ter understand the roles of IFN and particular I1SGs in direct viral spread. The ability to block
cell-to-cell spread would be an important aspect of any antiviral approach to TBEV infection.

In summary, we demonstrated here the important role of IFITM proteins in the inhibition
of TBEV infection, with the most significant role being that of the IFITM3 protein, including
the dissection of its functional motifs. However, our data suggest that TBEV may partially
escape IFN- and IFITM-mediated suppression during infection in high-density cultures, as
the viruses can pass directly from donor cells to naive recipient cells. Cell-to-cell spread may
constitute a strategy for escape from host innate defenses.

MATERIALS AND METHODS

Cells and viruses. A549 cells (ATCC CCL-185) were cultured in Dulbecco modified Eagle medium
(DMEM; with 4.5 g/liter glucose and L-glutamine) (Corning), supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin-streptomycin, and incubated at 37°C with 5% CO,. GP2-293 packaging cells (Clontech) were
cultured in IMDM (with L-glutamine and 25 mM HEPES; Lonza Bioscience), supplemented with 10% FBS and
1% antibiotic-antimycotic solution (Gibco), and incubated at 37°C with 5% CO,. TBEV virus, Neudorf strain, was
kindly provided by Karin Stiasny (Center for Virology, Medical University of Vienna, Vienna, Austria). The virus
was grown in A549 cells, and titers were determined using a plaque assay.

Generation of stable A549 cell lines producing IFITM variants. Expression plasmids of the IFITM
family were obtained from Addgene (HA-hIFITM1, plasmid 58399; HA-hIFITM2, plasmid 58398; and Myc-hIFITM3,
plasmid 58461). To obtain cells that expressed N-terminally FLAG-tagged IFITM1/2/3 proteins, the cDNA sequen-
ces of IFITM1, IFITM2, and IFITM3 were amplified using PCR with the forward primers carrying the BamHI restric-
tion site and FLAG tag sequence and reverse primers carrying the EcoRl restriction site (IFITM1, forward
[AATTGGATCCACCATGGACTACAAGGACGATGACGATAAACACAAGGAGGAACATGAGGT] and reverse [AATTGAAT
TCCTAGTAACCCCGTTTTTCCTG]; IFITM2, forward [AATTGGATCCACCATGGACTACAAGGACGATGACGATAAAAACC
ACATTGTGCAAACCTTCT] and reverse [AATTGAATTCCTATCGCTGGGCCTGGACGAC]; IFITM3, forward [AATTGGA
TCCACCATGGACTACAAGGACGATGACGATAAAAATCACACTGTCCAAACCTTCT] and reverse [AATTGAATTCCTATC
CATAGGCCTGGAAGAY]). The amplified sequences were cloned into a pJET plasmid (SnapGene) and validated
with Sanger sequencing. Y20A, Y99A, C71A, C72A, and F75AF78A mutations were introduced into pJET-FLAG-
IFITM3 through site-directed mutagenesis using the Quick-Change Lightning site-directed mutagenesis kit
(Agilent) and primers designed for mutagenesis (Y20A, forward [GTGGCCAGCCCCCCAACGCCGAGATGCTCAA
GGAG] and reverse [CTCCTTGAGCATCTCGGCGTTGGGGGGCTGGCCAC]; Y99A, forward [GGGGCCCAGGCCGCCGC
CTCCACCGCCAAG] and reverse [CTTGGCGGTGGAGGCGGCGGCCTGGGCCCC]; C71A, forward [CTTCATGAACCCCG
CCTGCCTGGGCTTCATAGC] and reverse [GCTATGAAGCCCAGGCAGGCGGGGTTCATGAAG]; C72A, forward [CTTC
ATGAACCCCTGCGCCCTGGGCTTCATAGC], reverse [GCTATGAAGCCCAGGGCGCAGGGGTTCATGAAG]; F75AF78A,
forward [CCTGCTGCCTGGGCGCCATAGCAGCCGCCTACTCCGTGAAG] and reverse [CTTCACGGAGTAGGCGGCTGCT
ATGGCGCCCAGGCAGCAGG]). Sequences coding for IFITM3 without a FLAG tag (no tag) and for IFITM3 with an
N-terminal deletion of 21 aa (A21N) were generated through PCR using specifically designed primers (no-tag, for-
ward [TATGGATCCACCATGAATCACACTGTCCAAACCTTC] and reverse [AATTGAATTCCTATCCATAGGCCTGGAA
GAJ; and A21N, forward [TTAGGATCCACCATGCTCAAGGAGGAGCACGAG] and reverse [AATTGAATTCCTATCCATA
GGCCTGGAAGA]). The APVNSG and ANSGQPP mutants were constructed using the pJET-IFITM3-no-tag as the
template and a Quick-Change Lightning site-directed mutagenesis kit (Agilent) (APVNSG, forward [CTGTCCA
AACCTTCTTCTCTCAGCCCCCCAACTATGAGATG] and reverse [CATCTCATAGTTGGGGGGCTGAGAGAAGAAGGTTTG
GACAG]; ANSGQPP, forward [CAAACCTTCTTCTCTCCTGTCAACTATGAGATGCTCAAGG] and reverse [CCTTGAGCAT
CTCATAGTTGACAGGAGAGAGAAGGTTTG]). All IFITM1/2/3 variants were cloned into the pLZRS-IRES-GFP retrovi-
rus vector using the BamHI and EcoRl sites. The Phoenix Ampho packaging system was used to obtain recombi-
nant retroviral vectors as previously described (63). Briefly, pLZRS-IRES-GFP carrying the IFITM1/2/3 sequences
were transfected, together with a pVSV-G plasmid, into GP2-293 cells. For retrovirus carrying solely GFP, pLZRS-
IRES-GFP empty plasmid and pVSV-G were transfected into GP2-293 cells. After 48 h, retrovirus-containing super-
natants were collected from the GP2-293 cells, centrifuged, filtered, and used for the transduction of A549 cells.
Using a FACSCalibur flow cytometer sorting option (Becton Dickinson), GFP-positive cells were sorted to obtain
cell lines that were at least 95% positive.
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Generation of A549-IFITM1/3-KO monoclonal cell lines. A panel of monoclonal A549 cell lines
with single knockouts (A549-IFITM1-KO and A549-IFITM3-KO) and with a double knockout (A549-IFITM1/
IFITM3-KO) was generated. To generate these knockouts, single guide RNA (sgRNA) sequences (for
IFITM1, forward [TCCAAGGTCCACCGTGATCA]; for IFITM3, forward [GTCAACAGTGGCCAGCCCCC]) were
cloned into the lentiCRISPRv2 expression vector (64). These sequences were designed to target the N
termini of IFITM1 and IFITM3, respectively. The wild-type A549 cells were transduced with the lentivirus
vector containing the IFITM1 or IFITM3 sgRNA sequence or both vectors. The following day, the medium
with the lentivirus was removed and replaced with fresh media containing 10 wg/ml puromycin.
Selection pressure with puromycin was continued for up to 72 h, and the cells were then sorted as single
cells into a 96-well plate using fluorescence-activated cell sorting. Next, the cells were propagated to
form colonies that had originated from a single cell. Individual clones were screened using Western blot-
ting to identify clones with reduced or nondetectable IFITM1 and/or IFITM3 protein expression.

Protein expression analysis. For detection of intracellular TBEV E protein, the A549 cells plated in
2.5-cm culture dishes in complete DMEM were infected with TBEV at an MOI of 1 for 24 h. For detection
of IFITM proteins, A549 cells that stably expressed IFITMs or wild-type A549 cells were plated in 12-well
culture dishes. For IFN stimulation, IFN-y recombinant human protein (Gibco) was added to cells at
100 ng/ml for 24 h. The cells were washed with PBS and lysed in a buffer containing 150 mM NaCl, 1%
Tergitol-type NP-40, 50 mM Tris (pH 8), 50 mM NaF, 5 mM EDTA, and a protease inhibitor cocktail
(Bimake.com). Proteins were separated using 10% SDS-PAGE and blotted onto a polyvinylidene difluo-
ride membrane. To detect TBEV E protein, nonreducing conditions were used. The membranes were
blocked with 5% milk in PBS with 0.05% Tween 20 and probed with the following antibodies: anti-flavivi-
rus E (clone D1-4G2-4-15 [4G2], 1:1,000; Absolute Antibody) anti-IFITM1 (clone 60074-I-lg, 1:1,000;
Proteintech), anti-IFITM2 (clone 66137-I-Ig, 1:1,000; Proteintech), anti-IFITM3 (clone D8E8G, 1:1,000; Cell
Signaling), anti-IFITM1/3 MHK2.1 (a monoclonal antibody recognizing an epitope surrounding the EHEV
[residues 26 to 29] of both IFITM1 and IFITM3; 1:2,000) (43), and anti-FLAG M2 MAb (1:1,000; Sigma).
Mouse anti-human B-actin (1:5,000; Novus Biologicals) was used as a loading control. After incubation
with goat anti-mouse or goat anti-rabbit horseradish peroxidase-conjugated secondary antibodies
(1:2,000; Santa Cruz Biotechnology), the membranes were developed using enhanced chemilumines-
cence (ECL). For detection of the TBEV E protein in the A549 cell medium, proteins were precipitated by
shaking with 10% trichloroacetic acid at 4°C overnight, centrifuged for 20 min at 13,000 rpm at 4°C,
washed two times with ice-cold 80% acetone, and resuspended in PBS. The protein concentration was
determined by using a Quick-Start Bradford protein assay kit (Bio-Rad). For immunoprecipitation of
IFITM1, A549 cells were stimulated with 100 ng/ml IFN-y for 24 h, harvested into 1% NP-40 lysis buffer,
and lysed for 20 min on ice. After centrifugation at 14,000 rpm at 4°C for 30 min, the cell lysate was
mixed with 2 ul of CVY rabbit serum (Moravian Biotechnologies) generated against the C terminus of
IFITM1, followed by incubation overnight at 4°C. Protein G-agarose beads (Thermo Fisher) were used to
pull down the antibody-protein complex. Proteins were eluted in 1xLDS buffer (NUPAGE; Thermo
Fisher) with 0.1 M dithiothreitol at 95°C for 10 min and then subjected to SDS-PAGE.

Immunofluorescence. A549 cells were grown on a microcover glass, fixed with 4% paraformalde-
hyde in phosphate-buffered saline (PBS), permeabilized with 0.2% Triton X-100 in PBS for 5 min, and
washed three times with PBS. FLAG-tagged IFITM1/2/3 proteins were stained with anti-FLAG MAb
(1:2,000; Sigma), and TBEV protein E was stained with anti-flavivirus E Ig, clone D1-4G2-4-15 (4G2, 1:500;
Absolute Antibody). Antibody dilutions were prepared in PBS with 1% bovine serum albumin (Sigma).
After three washes with PBS, the cells were incubated with Alexa 546-conjugated goat anti-mouse sec-
ondary antibodies (1:3,000; Molecular Probes). After three washes with PBS, the cells were treated with
ProLong Diamond Antifade Mountant with (4',6'-diamidino-2-phenylindole; Invitrogen) to visualize the
nuclei. The images were analyzed using a Nikon ECLIPSE TE300 confocal laser-scanning microscope.

Flow cytometry. A549 cells were stained for the intracellular expression of TBEV protein E using indi-
rect immunofluorescence. Infected and mock-infected cells were trypsinized, washed with PBS, and then fixed
and permeabilized using a Cytofix/Cytoperm fixation/permeabilization solution kit (BD Biosciences). The cells
were stained with mouse monoclonal antibodies for anti-flavivirus E (1:300; Absolute Antibody) in PermWash
buffer (BD Biosciences) and, as a second step, goat anti-mouse Ig-phycoerythrin (BD Biosciences). Labeled cells
were analyzed with a Guava easyCyte flow cytometer (Luminex).

TBEV titration. Monolayers of A549 cells were cultured in 24-well plates and inoculated with 10-fold
dilutions of TBEV for 2 h. After the removal of the virus, the cells were washed with PBS and overlaid
with 1% carboxymethyl cellulose in DMEM. After 5 days, the medium was removed, and the cells were
washed with PBS three times. The monolayers were stained with naphthalene black to visualize plaques.
Virus titers are expressed as PFU/ml.

Cell viability assay. A549 IFITM1/2/3 or control GFP cells were infected with TBEV of the Neudorf
strain at an MOI of 0.1 PFU/cell. After 96 h, when the cytopathic effect was clearly visible, the medium
with cells was collected, and the adhering cells were trypsinized and pooled with the rest of the me-
dium. The cells were then stained with trypan blue, and the ratio of dead cells was determined using
light microscopy by counting at least 500 cells.

Cell coculture assay. Wild-type A549 cells were infected with TBEV of the Neudorf strain at an MOI
of 3 PFU/cell. These cells were then used as TBEV donor cells while being used as acceptor cells. The lat-
ter cells stably express GFP translated from the IRES of the IFITM1/2/3-encoding cassette. At 2 hpi, the
donor cells were washed with low-pH citrate buffer (135 mM NacCl, 10 mM KCl, 40 mM citric acid [pH
3.0]) to inactivate cell-bound viral particles, trypsinized, and counted. A 1:4 ratio of donor to acceptor
cells was used, and a total of 2 x 10° cells were seeded in 24-well plates in triplicate. After 2 h, the cell
medium was removed, and the attached cells were covered with fresh semiliquid medium containing
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2% methylcellulose and cultured an additional 20 h. Finally, the cells were trypsinized, fixed, stained for
TBEV E protein, and analyzed with flow cytometry for the E protein and GFP expression.
Statistical analysis. Since the populations were normally distributed, an unpaired two-tailed t test
was used to determine whether there were significant differences. Statistically significant differences are
indicated in the figures by asterisks (*, P = 0.01 to 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001).
Unless stated otherwise, the data are representative of three independent experiments.
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